The use of indwelling medical devices (e.g. pacemakers, prosthetic joints, catheters, etc) continues to increase, yet these devices are all too often complicated by infections with biofilm-forming microbes with increased resistance to antimicrobial agents and host defense mechanisms. We investigated the ability of chitosan, a polymer isolated from crustacean exoskeletons, to damage biofilms formed by the pathogenic fungus Cryptococcus neoformans. Using 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium-hydroxide (XTT) reduction assay and CFU determinations, we showed that chitosan significantly reduced both the metabolic activity of the biofilms and cell viability, respectively. We further demonstrated that chitosan penetrated biofilms and damaged fungal cells using confocal and scanning electron microscopy. Notably, melanization, an important virulence determinant of C. neoformans, did not protect cryptococcal biofilms against chitosan. The chitosan concentrations used in this study to evaluate fungal biofilm susceptibility were not toxic to human endothelial cells. Our results indicate that cryptococcal biofilms are susceptible to treatment with chitosan, suggesting an option for the prevention or treatment of fungal biofilms on indwelling medical devices.
Introduction
Cryptococcus neoformans is an encapsulated opportunistic yeastlike fungus that is a relatively frequent cause of meningoencephalitis in immunocompromised patients, especially in individuals with AIDS or solid organ transplants, and also occasionally causes disease in apparently healthy individuals [1] . C. neoformans capsular polysaccharide is mainly composed of glucuronoxylomannan (GXM), which is a major contributor to its virulence since acapsular strains are not pathogenic [2] . Copious amounts of GXM are released during cryptococcal infection, causing deleterious effects on the host immune response [2, 3] . Our laboratory previously reported that C. neoformans GXM release is necessary for adhesion to a solid support and subsequent biofilm formation [4] , which facilitates the evasion of the yeast from host responses [5] and antifungal therapies [6] .
Biofilms are communities of microorganisms attached to a solid surface enclosed in an exopolymeric matrix [7, 8] . A cryptococcal biofilm consists of a complex network of yeast cells enmeshed in a substantial amount of polysaccharide matrix [4, 6] . C. neoformans forms biofilms on polystyrene plates [4] and medical devices [9] [10] [11] [12] after GXM shedding. For instance, Walsh et al. reported on C. neoformans biofilms in ventriculoatrial shunt catheters [9] . In addition, several reports of C. neoformans infection of polytetrafluoroethylene peritoneal dialysis fistula [11] and prosthetic cardiac valves [10] demonstrate the ability of this organism to adhere to medical devices. These observations highlight the importance of investigating the biofilm-forming properties of this organism.
Chitosan, a hydrophilic biopolymer industrially obtained by Ndeacetylation of crustacean chitin, has antimicrobial activities [13] . This natural compound is inexpensive and nontoxic. Chitosan has been utilized in diverse applications, including as an antimicrobial compound in agriculture, as a potential elicitor of plant defense responses, as a flocculating agent in wastewater treatment, as an additive in the food industry, as a hydrating agent in cosmetics, and more recently as a pharmaceutical agent in biomedicine [13] . The antimicrobial activity of chitosan has been observed against a wide variety of microorganisms including fungi, algae, and bacteria [13] . Based on these applications and its antimicrobial activity, we hypothesized that chitosan could interfere with C. neoformans biofilm formation and, by penetrating mature biofilms, bind to yeast cells to deliver direct microbicidal activity.
Although considerable work on the effect of chitosan on bacterial biofilms has been done [14] [15] [16] , no comparable studies have been done with fungal biofilms. In this study, we exploited the ability of C. neoformans to form biofilms in vitro on polystyrene microtiter plates to study the susceptibilities of cryptococcal biofilms to chitosan.
Materials and methods

C. neoformans
C. neoformans strain B3501 (serotype D) was acquired from the American Type Culture Collection (Rockville, MD) and grown in Sabouraud dextrose broth (Difco Laboratories, Detroit, MI) for 24 h at 30 C in a rotary shaker at 150 rpm (to early stationary phase). Stock cultures were maintained at À80 C.
Biofilm formation
Fungal cells were collected by centrifugation, washed twice with phosphatebuffered saline (PBS), counted using a hemacytometer, and suspended at 10 7 cells/ mL in a chemically defined minimal medium (20 mg/mL thiamine, 30 mM glucose, 26 mM glycine, 20 mM MgSO 4 $7H 2 O, and 58.8 mM KH 2 PO 4 ). Then, 100 ml of the suspension was added to individual wells of polystyrene 96-well plates (Fisher, MA) and incubated at 37 C without shaking. Biofilms were allowed to form for 48 h and then the wells were washed three times with 0.05% Tween 20 in Tris-buffered saline (TBS) to remove non-adhered yeasts using a microtiter plate washer (Skan Washer 400; Molecular Devices, VA). Based on our prior work [4, 6] , fungal cells that remained attached to the plastic surface were considered true biofilms. All assays were carried out in quadruplets unless otherwise specified and experiments were repeated at least twice on different days using different cultures.
Measurement of biofilm metabolic activity by XTT reduction assay
A semi-quantitative measurement of fungal biofilm formation was obtained from the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium-hydroxide (XTT) reduction assay [17] . For fungal strains, 50 ml of XTT salt solution (1 mg/mL in PBS) and 4 ml of menadione solution (1 mM in acetone; Sigma) were added to each well. Microtiter plates were incubated at 37 C for 5 h. Fungal mitochondrial dehydrogenase activity reduces XTT tetrazolium salt to XTT formazan, resulting in colorimetric change that correlates with cell viability. The colorimetric change was measured using a microtiter reader (Labsystems Multiskan MS; Labsystems, Finland) at 492 nm. In all the experiments, microtiter wells containing heat-killed C. neoformans and minimal medium alone were included as negative controls.
C. neoformans planktonic cells
To determine the density of fungal planktonic cells used for comparison with the biofilms, we estimated the cell numbers from the XTT reduction signal using a doseresponse curve. Briefly, yeasts were grown in minimal medium for 48 h 30 C in a rotary shaker at 150 rpm, collected by centrifugation, washed twice with PBS, counted with a hemacytometer, and suspended at various densities (5 Â 10 , and 5 Â 10 6 cells/mL. The viability was measured by determination of the amount of XTT reduction.
CFU killing assay
The toxicities of the chitosan for fungal biofilms and planktonic cells were compared by a CFU killing assay. After incubation with chitosan, biofilms were scraped from the bottom of the wells with a sterile 200-ml micropipette tip to dissociate yeast cells. A volume of 100 ml of suspension containing dissociated cells was aspirated from the wells, transferred to a microcentrifuge tube with 900 ml of PBS, and vortexed gently for 3 min. Then, serial dilutions were performed, and 100 ml of diluted suspension was plated on Sabouraud dextrose agar plates. The percentage of CFU survival was determined by comparing chitosan-exposed biofilms and planktonic cells to unexposed fungal cells.
Melanized fungal biofilms
Melanization was induced by growing the biofilms on defined minimal medium broth at 30 C with the addition of 1 mM L-dopa for 7 days. Nonmelanized controls were obtained by growing the yeast cells on defined minimal medium broth without L-dopa for 7 days.
2.7.
Chitosan susceptibility of C. neoformans biofilms 2.7.1. Susceptibilities of fungal biofilms to chitosan
To evaluate the susceptibilities of fungal biofilms to chitosan, PBS containing different concentrations of chitosan (0, 0.625, 1.25, 2.5, and 5 mg/mL) in 200 ml was added to each well. Mature biofilms and chitosan were mixed for 1 min by use of a microtiter plate reader to ensure a uniform distribution and were incubated at 37 C for 0.5 and 1 h. After incubation, biofilm metabolic activity was quantified by the XTT reduction assay. The susceptibilities of the mature cryptococcal biofilms to chitosan were determined by comparing the metabolic activities of the biofilms coincubated with chitosan with those of the biofilms grown in PBS.
2.7.2.
Comparison of biofilm and planktonic cryptococcal cell susceptibility to chitosan C. neoformans biofilms were incubated with 200 ml of PBS containing 0.625 mg/ mL of chitosan. Wells containing cryptococcal biofilms treated with PBS alone were used as a control. C. neoformans planktonic cells were suspended at a density of 5 Â 10 6 cells per mL in PBS alone or in the presence of chitosan. Either C. neoformans biofilms or planktonic cells were mixed with chitosan using a microtiter plate reader to ensure a uniform distribution of the biopolymer and were incubated at 37 C for 0.5 and 1 h. XTT reduction and CFU killing assays were used to determine the metabolic activity and fungal mass, respectively. Melanized or nonmelanized biofilms and chitosan were mixed to ensure a uniform distribution of the biopolymer and were incubated at 37 C for 2 h. The XTT reduction assay was used to determine viability.
Capsule size measurements by India ink stain
An aliquot of 10 mL of yeast was mixed with India ink and visualized with an Olympus AX70 microscope. Pictures were taken using a QImaging Retiga 1300 Digital camera and QCapture Suite V2.46 software (QImaging, Burnaby BC, Canada). The capsule size of 100 cells was measured in these images using ImageJ 1.39u software (National Institutes of Health, USA). Capsule size was defined as the difference between the diameter of the total cell (capsule included) and the cell body diameter, defined by the cell wall.
2.9. ELISA spot C. neoformans B3501 were collected by centrifugation, washed twice with PBS, counted using a hemacytometer, and suspended at 10 4 cells per mL in minimal medium. For each strain, 100 ml of the suspension was added into individual wells of polystyrene 96-well plates and incubated at 37 C. C. neoformans cells were allowed to adhere to the bottom of the wells over a series of time intervals (0.5, 1, and 2 h). Following the adhesion stage, the wells containing C. neoformans biofilms were washed three times with 0.05% Tween 20 in TBS to remove non-adhered cryptococcal cells using a microtiter plate washer. All assays were carried out in five wells per strain. Between every step, the wells were washed with 0.05% Tween 20 in TBS. All incubations were done at 37 C for 1 h or 4 C overnight. The wells were blocked for nonspecific binding by adding 200 ml of 1% BSA in PBS. Next, 2 mg/mL of GXM binding MAb 18B7 [18] in buffer (PBS with 1% BSA) was added followed by incubation with 1 mg/mL of biotin-labeled goat anti-mouse (GAM) IgG1. Next, a 50-ml volume of 1 mg of bromo-4-chloro-3-indolyl phosphate (BCIP; Amresco, Solon, OH) per mL diluted in AMP buffer (95.8 mL of 2-amino-2-methyl-1-propanol, 0. . Between each step, the wells were washed with 0.05% Tween 20 in Tris-buffered saline. All incubations were done at 37 C for 1 h or 4 C overnight.
Isolation of exopolysaccharide from culture supernatants by filtration
Polysaccharide was isolated by filtration and ultrafiltration as described. Briefly, C. neoformans B3501 strain cells were separated from culture supernatants by centrifugation and the resulting supernatant was concentrated approximately 20-fold using an Amicon (Millipore, Danvers, MA) ultrafiltration cell (cutoff ¼ 100 kDa, total capacity of 200 mL) with stirring and Biomax polyethersulfone ultrafiltration discs (76 mm Millipore, Danvers, MA). After formation of a viscous film over the filtering disc, the fluid phase was discarded and the remaining jellified material was recovered with a cell scrapper. The final polysaccharide solution was lyophilized and the dry polysaccharide mass determined.
Release of capsular components by dimethyl sulfoxide
Capsular polysaccharide was isolated from yeast cells by DMSO as described [20] . The cells were suspended in 15 mL of DMSO and incubated for 30 min. This process was repeated twice and the polysaccharide-containing fractions were combined. Cells were removed by centrifugation and the supernatant was then dialyzed against water for 12 h, with replacements by fresh water at 2 h intervals. The polysaccharide fractions were again dialyzed against water for 3 days. The final polysaccharide solution was lyophilized and the dry polysaccharide mass determined.
Polysaccharide particle sizes
The effective diameter and the polydispersity of polysaccharide preparations were measured by quasy elastic light scattering (QE LS) in a 90Plus/BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven Instruments Corp., Holtsville, NY). Polysaccharide solutions were prepared as described above. The fluctuating signal, originating from the random motion of particles in a liquid phase and the associated alterations in the intensity of the scattered light over time, were processed by the autocorrelation function
In this equation, t is the time delay, A is an optical constant determined by the instrument design, and G is related to the relaxation of the fluctuations by G ¼ Dq , where m 2 is proportional to the variance of the intensity weighted distribution. The multimodal distributions of particle size diameter were generated by a Non-Negatively constrained Least Squares algorithm (NNLS) based on the intensity of light scattered by each particle. All polysaccharide samples were analyzed under the same conditions.
Zeta potential measurements
Zeta potential ðzÞ, particle mobility and shift frequency of polysaccharide samples were calculated in a Zeta potential analyzer (ZetaPlus, Brookhaven Instruments Corp., Holtsville, NY). ðzÞ is a measurement of charge (in millivolts) defined as the potential gradient that develops across the interface between a boundary liquid in contact with a solid and the mobile diffuse layer in the body of the liquid. It is derived from the equation z ¼ ð4phm=DÞ, where D is the dielectric constant of the medium, h is the viscosity, and m is the electrophoretic mobility of the particle.
Endothelial cell damage assay
HUVECs were grown in M199 (Sigma-Aldrich) supplemented with 10% FBS and 2 mM L-glutamine. For use in damage assays, HUVECs were grown on a collagen matrix in 96-well tissue culture plates (Fisher Scientific) to create confluent layers. All incubations were at 37 C in 5% CO 2 . LDH release from HUVEC monolayers was measured after treatment with chitosan (0.8, 2, 4, and 8 mg/mL). Growth medium alone was added to control wells with and without HUVEC layers. The plate was incubated at 37 C with 5% CO 2 for 2 h. Maximal LDH release was obtained in a control set of wells by adding 15 ml of 0.9% Triton X-100 to each well and vigorously disrupting the HUVEC layers with a pipette tip 45 min before the end of the 8-h incubation period; background LDH release was that from nondisrupted HUVEC layers. Samples (50 ml) were taken from each well, and LDH was assayed spectrophotometrically at 492 nm using the CytoTox96 kit (Promega) according to the manufacturer's instructions. The percentage lysis of HUVECs treated with chitosan was calculated as experimental LDH release-background/mean maximal LDH release-background.
Light (LM), immunofluorescence (IF), and confocal (CM) microscopy
Microscopic examinations of single cells or biofilms formed in microtiter plates were performed by LM with an Axiovert 200 M inverted microscope (Carl Zeiss MicroImaging, NY).
For immunofluorescence studies, slides were coated with poly-L-lysine (0.1 mg/mL; Sigma), and 10 6 yeast cells were allowed to air dry on slides so that organisms adhered. MAb 18B7 or melanin binding mAb 6D2 (IgM) [21] were added at 2 mg/mL in buffer (PBS with 1% BSA). FITC-labeled GAM-IgG1 (F-GAMIgG1) or -IgM (F-GAM-IgM) (from Southern Biotechnology) were added at 2 mg/mL after application of unconjugated MAb. All incubations were done at 37 C for 30 min, and slides were washed three times with PBS between each application of reagents. Slides were washed again with PBS, 30 ml of mounting medium (0.1 M n-propyl gallate-50% glycerol in PBS) was added, and coverslips were placed. The slides were then viewed as described above and fluorescent images were recorded.
For CM, C. neoformans biofilms were incubated for 45 min in 75 ml of PBS containing the fluorescent stain FUN-1 (10 mM). Then, wells were blocked with PBS (1% BSA) for 1 h. Next, the IgG1 GXM binding MAb 18B7 (2 mg/mL) was added, and the plate was incubated for 1 h F-GAM-IgG1 (1-mg/mL) in PBS (1% BSA) was applied for 1 h. Between steps, the wells were washed with 0.05% Tween 20 in TBS. All incubations were done at 37 C for 1 h or 4 C overnight. FUN-1 (excitation wavelength, 470 nm; emission, 590 nm) is converted to orange-red cylindrical intravacuolar structures by metabolically active cells, while MAb 18B7-F-GAM-IgG1 (excitation wavelength, 488 nm; emission, 530 nm) binds to GXM and fluoresces green. Microscopic examinations of biofilms formed in microtiter plates were performed with CM. A 40Â objective was used (numerical aperture of 0.6). Depth measurements were taken at regular intervals across the width of the device. To determine the structure of the biofilms, a series of horizontal (xy) optical sections with a thickness of 1.175 mm were taken throughout the full length of the biofilm. Confocal images of green (MAb 18B7-F-GAM-IgG1) and red (FUN-1) fluorescence were recorded simultaneously by CM using a multichannel mode. Z-stack images and measurements were corrected utilizing Axio Vision 4.4 software in deconvolution mode (Carl Zeiss MicroImaging, NY).
Scanning electron microscopy (SEM)
C. neoformans biofilms or planktonic cells were grown on glass coverslips in sixwell microtiter plates with minimal medium at 37 C for 48 h. Then, coverslips with biofilms were washed three times with PBS and transferred to another six-well microtiter plate containing 2.5% glutaraldehyde and incubated for 1 h at room temperature. The samples were serially dehydrated in alcohol, fixed in a criticalpoint drier (Samdri-790; Tousimis, Rockville, MD), coated with gold-palladium (Desk-1; Denton Vacuum, Inc., Cherry Hill, NJ), and viewed with a JEOL (Tokyo, Japan) JSM-6400 scanning electron microscope. Two separate sets of cultures were prepared.
Statistical analysis
Statistical analyses were done with GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) or 90Plus/BI-MAS Software (Brookhaven Instruments Corp., Holtsville, NY). P values were calculated by analysis of variance and were adjusted by use of the Bonferroni correction. P values of <0.05 were considered significant.
Results
Chitosan on C. neoformans biofilm formation
We investigated whether co-incubation of chitosan with yeast cells interfered with C. neoformans biofilm formation in vitro using the XTT reduction assay (Fig. 1A) . Chitosan severely inhibited C. neoformans strain B3501 from forming biofilms at concentrations >0.04 mg/ml. SEM examination was used to correlate the XTT reduction assay results with the visual effects on biofilm formation structure (Fig. 1B) . C. neoformans yeast cells grown in the presence of PBS alone showed mature biofilms consisting of a dense group of cells enmeshed with large amount of polysaccharide. However, fungal cells treated with little as 0.04 mg/mL of chitosan appeared nearly acapsular (Fig. 1C) . Notably, the minimum inhibitory concentration (MIC 50 ) at which 50% of yeasts is inhibited, as determined by the CLSI M27-A method, was 0.625 mg/mL (data not shown).
Chitosan on capsular polysaccharide released during C. neoformans biofilm formation
To determine the mechanism by which chitosan inhibits C. neoformans biofilm formation, the ELISA spot assay was utilized using sub-inhibitory concentrations of chitosan. This assay was used to examine local release of capsular polysaccharide by attached cryptococcal cells and the role of this polysaccharide in the creation of an exopolysaccharide matrix for C. neoformans biofilm formation. Light microscopy was used to quantify the number of cells that attached to plastic as measured by spot formation (Fig. 2A) . Chitosan-treated C. neoformans B3501 cells produced significantly larger number of spots than control cells after a 0.5 h incubation period (Fig. 2B) . However, the number of spots observed for control cryptococcal cells increased significantly after 2 h.
In addition, the surface area of the spots was measured by tracing the circumference of the whole spot left by the organism at the equatorial plane (area ¼ pr 2 ) (Fig. 2C) . This was done to determine the area involved in binding of GXM released by C. neoformans cells on the spot of attachment. Spots from control C. neoformans cells were significantly larger than those from chitosan-treated cells.
SEM examination was used to visualize differences in polysaccharide released between control and chitosan-treated C. neoformans cells. The fibers of the capsules on chitosan-treated cells were sparse, short and thin (Fig. 2E ) compared to control yeast (Fig. 2D) , consistent with greater and/or aberrant polysaccharide release.
3.3. Susceptibility of mature C. neoformans biofilms to chitosan C. neoformans strain B3501 biofilms treated with chitosan showed a significant reduction in metabolic activity when viability was measured by the XTT reduction assay (Fig. 3A) . For example, the metabolic activity of cryptococcal biofilms was reduced 40% after 0.5 h treatment with 2.5 mg/mL of chitosan.
To confirm the results obtained by the XTT reduction assay, the percent survival of the cells in the biofilm was determined by CFU enumeration (Fig. 3B) . C. neoformans biofilms were significantly susceptible to chitosan after 0.5 h treatment with 1.25 mg/mL of chitosan resulting in a reduction of approximately 50% when compared to untreated biofilms. Furthermore, treatment with !2.5 mg/mL of chitosan for 1 h resulted in !75% killing.
SEM examination was used to visualize architectural differences between untreated and chitosan-treated C. neoformans biofilms ( Fig. 3C and E) . Untreated C. neoformans biofilms comprised a dense network of yeast cells surrounded with vast amounts of exopolymeric matrix (Fig. 3C) . In contrast, biofilms co-incubated with chitosan displayed yeast cells lacking capsular and released polysaccharide (Fig. 3E) . These biofilms showed scattered aggregates of polysaccharide after treatment with chitosan.
Confocal microscopic examination was used to correlate the XTT reduction and CFU killing assay results with the visual effects on biofilm metabolism and structure ( Fig. 3D and F) . Regions of red fluorescence (FUN-1) represent metabolically active cells, the green fluorescence (MAb 18B7-FITC-conjugated goat anti-mouse IgG1) indicates GXM, and yellow-brownish areas represent metabolically inactive or nonviable cells. C. neoformans biofilms grown in the presence of PBS alone showed regions of high metabolic activity (Fig. 3D ). Biofilms treated with 1.25 mg/mL of chitosan manifested a decrease in the thickness of the exopolymeric matrix and metabolic activity (Fig. 3F) .
The concentrations of chitosan used in this study to evaluate fungal biofilm susceptibility were not toxic to human endothelial cells (supplemental Figure) .
Susceptibility of C. neoformans planktonic cells to chitosan
The susceptibility of fungal biofilms to chitosan was investigated and compared with that of planktonic yeast cells. XTT reduction and CFU killing assays were utilized to quantify fungal metabolic activity and cellular mass, respectively.
C. neoformans biofilms were significantly more resistant to chitosan than their planktonic counterparts (Fig. 4A) . For instance, the metabolic activities of cryptococcal biofilms were reduced approximately 20 and 30% after exposure to 0.625 mg/mL of chitosan for 1 and 2 h, respectively. In contrast, the metabolic activities of planktonic cells were significantly reduced 40 and 80% after treatment with similar concentration of chitosan for 1 and 2 h, respectively.
To confirm the results obtained by the XTT reduction assay, the percent survival of the cells in the biofilm or the planktonic form was determined by counting the numbers of CFU in wells treated with chitosan and comparing these to the numbers of colonies obtained from untreated wells (Fig. 4B) . C. neoformans planktonic cells were more susceptible to chitosan than biofilms after SEM examination was utilized to compare the effect of chitosan on C. neoformans biofilms and planktonic cells. C. neoformans biofilms grown in the presence of 0.625 mg/mL of chitosan showed fungal cells surrounded by large amounts of exopolymeric matrix (Fig. 4C) . In contrast, planktonic cells treated with similar concentration resulted in significant decrease of capsular polysaccharide and cellular damage (Fig. 4D-G) .
3.5. Impact of chitosan on cryptococcal capsular polysaccharide C. neoformans sheds large amounts of polysaccharide into culture media and infected tissues. The capsule size of C. neoformans B3501 cells was measured with India ink in cells grown in the presence or absence of chitosan to determine whether or not this biopolymer reduce capsule growth and to assess its effect in GXM released in culture. After 48 h, the capsule size of C. neoformans cells grown in the presence of chitosan was significantly reduced when compared with the control (Fig. 5A) . Conversely, C. neoformans polysaccharide capsule release in the presence of chitosan was significantly greater than in the absence of the biopolymer (Fig. 5B) . Using light (Fig. 5C and F) , and immunofluorescence ( Fig. 5D and G) microscopy, we demonstrated that chitosan significantly reduced the quantity of capsular polysaccharide, suggesting interference with capsular remodeling during growth. Similarly, SEM showed that treatment of cryptococcal biofilms with chitosan interfered with the formation of the exopolymeric matrix from biofilms ( Fig. 5E and H) exposing yeasts within the biofilm to the antimicrobial activity of the biopolymer.
Effect of chitosan on exo-and capsular-polysaccharide structure
To gain additional insight into the structural alterations caused by chitosan on cryptococcal biofilms, we determined average effective diameters and size distributions of exo-and capsular polysaccharides from untreated and chitosan-treated samples using QE LS (Fig. 6 ). On average, the exopolysaccharide molecules of chitosan-treated yeast cells (2265 nm) exhibited larger diameters than untreated cells (665 nm) (Fig. 6A) . Exopolysaccharide from untreated and chitosan-treated cultures showed two different size populations. The size distribution range for each population of chitosan-treated cryptococcal cells were 40-1225 and 2630-6828 nm, with the highest values at 837 and 4662 nm, respectively. In contrast, the size distribution range for each population of untreated cells were 75-178 and 1000-4217 nm, with the highest values at 100 and 1778 nm, respectively.
We analyzed the size distribution of polysaccharide from C. neoformans B3501 strain capsule after treatment with chitosan (Fig. 6B) . The capsular polysaccharide molecules of chitosantreated yeast cells (179 nm) exhibited smaller diameter than untreated cells (494 nm). Treatment with chitosan yielded a homogeneous population of capsular polysaccharide on yeast cells. The size distribution range was 213-220 nm, with the highest Fig. 4 . C. neoformans biofilms are more resistant to chitosan than planktonic cells. (A) The percentage of metabolic activity of C. neoformans strain B3501 biofilms and planktonic cells was measured by the XTT reduction assay. Both phenotypes were exposed to 0.625 mg/mL of chitosan for 0.5, 1, and 2 h; and their metabolic activities were compared to those of fungal cells incubated in PBS. (B) The percent survival of C. neoformans strain B3501 biofilms and planktonic cells was measured by determination of the numbers of CFU. Both phenotypes were exposed to 0.625 mg/mL of chitosan for 0.5, 1, and 2 h; and their rates of survival were compared to those of fungal cells incubated in PBS. For panels A and B, the bars are the averages of four measurements, and brackets denote standard deviations. *, P < 0.05 and **, P < 0.01 in comparing biofilms and planktonic cells. These experiments were done twice, with similar results each time. (C-G) SEM of C. neoformans B3501 (C) biofilms and (D) planktonic cells treated with chitosan. C. neoformans biofilms grown in the presence of 0.625 mg/mL of chitosan showed fungal cells surrounded by large amounts of exopolymeric matrix. In contrast, planktonic cells treated with similar concentration resulted in significant decrease of capsular polysaccharide and (E-G; insets) cellular damage. White arrows denote cellular damage. Scale bar for C and D: 10 mm, and E-G: 2 mm.
value at 216 nm. However, two different populations in polysaccharide size were present for untreated cells. The range size for each population was 118-292 and 871-2162 nm, with the highest values at 169 and 1253 nm, respectively.
Chitosan treatment on C. neoformans zeta potential
The surface charge of untreated and chitosan-treated melanized and nonmelanized cryptococcal cells was measured (Table 1) . Previous studies have shown that the polysaccharide capsule and melanin of C. neoformans are responsible for the high negative charge of the cells [22] . Chitosan-treated cells were significantly less negative (25.40 AE 0.57) than untreated cells (À21.89 AE 0.31) (P < 0.001). Melanization significantly increased the negative charge (À34.75 AE 0.57) of cryptococcal cells when compared to nonmelanized cells (À21.89 AE 0.31) (P < 0.001). However, treatment with chitosan imparted a high positive charge to melanized (26.15 AE 0.38) and nonmelanized (25.40 AE 0.57) C. neoformans cells.
Impact of melanin on biofilm resistance after chitosan treatment
Melanized C. neoformans biofilms were more resistant to chitosan than their nonmelanized counterparts (Fig. 7A) . For instance, the metabolic activities of melanized cryptococcal biofilms were reduced approximately 20% after exposure to 0.625 mg/mL of chitosan for 2 h. In contrast, the metabolic activities of nonmelanized biofilms were significantly reduced 35% after treatment with similar concentration of chitosan. Although melanized biofilms showed less susceptibility to higher concentrations of chitosan than nonmelanized biofilms, melanin production did not provide significant resistance to chitosan's antifungal activity. Using IF, we determined that exposure to chitosan for 2 h effectively damages C. neoformans melanin enabling the biopolymer's antimicrobial activity (Fig. 7B ).
Discussion
C. neoformans has substantial chitosan in its cell wall during vegetative growth and the polymer may be an essential factor for the proper maintenance of cell wall integrity [23] . Our results show that addition of exogenous chitosan to C. neoformans biofilms significantly reduces metabolic activity and prevents the adhesion of the yeast cells to the polystyrene surface. The cell wall is the structure that mediates the cell's interactions with the environment, and might be important in adhesion of fungi to solid surfaces such as indwelling medical devices. Bachmann et al. proposed the use of the cell wall as an attractive target for the development of strategies to combat biofilm-associated infections [24] . Chitosan has anti-adherent activity and prevents Candida albicans biofilm development [25] . Other studies have proposed the treatment of medical devices with antifungal agents before they are implanted in patients [24, 26] . Chitosan may be a strong candidate for this endeavor, due to its anti-adherent and antifungal properties against fungal biofilms. Furthermore, we demonstrated that chitosan might be effective against C. neoformans, possibly because melanin production did not provide significant resistance to chitosan's antifungal activity. Using IF, we concluded that chitosan effectively damages melanin from yeast cells making C. neoformans cells more accessible to the chitosan's antimicrobial activity. Importantly, the concentrations used in these experiments were not toxic to human endothelial cells, which are the cells most readily exposed to chitosan if applied to a venous or arterial catheter. Chitosan inhibits C. neoformans biofilm formation in polystyrene microtiter plates. A recent study showed that chitosan-coated surfaces have anti-biofilm properties in vitro against certain bacteria and fungi [14] . This phenomenon has been attributed to the ability of cationic chitosan to disrupt negatively charged cell membranes as microbes settle on the surface [13] . In this regard, our zeta potential analysis demonstrates that chitosan has a profound effect on the negative charge of the cryptococcal cellular membrane, which may translate into interference with surface colonization or adhesion and cell-cell interactions during biofilm formation [27] . For example, a net positive charge to the fungal surfaces may keep yeast cells in suspension, preventing biofilm formation [28] .
The release of the cryptococcal polysaccharide capsule is important for adhesion of the yeast and biofilm development in C. neoformans [4] . An ELISA spot assay provided an alternate method to confirm the results obtained by XTT assay and zeta potential analysis in establishing the mechanism by which chitosan inhibits C. neoformans biofilm formation. The number and area of spots on microtiter plates were determined as a function of time using light microscopy. Biofilm formation by C. neoformans did not correlate with the number of yeast cells bound to the plastic support surface. For instance, C. neoformans biofilms grown in the presence of chitosan attached in larger quantities to the plastic surface of the microtiter plate but produced smaller spots than those formed by control biofilms. This result implies that cell adhesion was a necessary but not sufficient event for biofilm formation. In fact, we interpret the ELISA spot data as indicating that chitosan interferes with local release of capsular polysaccharide by attached cells to the plastic surface preventing the production of the exopolysaccharide matrix.
Chitosan decreased the metabolic activity and survival of C. neoformans biofilms, consistent with its fungicidal properties [13] . This phenomenon reflects physical stress on the biofilm structure due to permeabilization of the cellular membrane, which allowed increased penetration of chitosan and effective delivery of its antifungal activity [29] . Binding of chitosan with DNA and inhibition of mRNA synthesis occurs through chitosan penetration toward the nuclei of the microorganisms and interference with the synthesis of mRNA and proteins [29] . It is most likely that the interaction between positively charged chitosan molecules and negatively charged microbial cell membranes leads to the leakage of proteinaceous and other intracellular constituents causing cell death [30] .
C. neoformans biofilms were significantly less susceptible than planktonic cells to chitosan. These results correlate with those presented in other reports that have suggested that the biofilm phenotype confers resistance to antifungal therapy [31, 32] . We found that chitosan mediated a significant reduction in the metabolic activity of C. neoformans cells. Baker et al. showed that chitosan helps to maintain cell integrity and normal capsule width and aids in bud separation [33] . Due to the absence of a protective exopolymeric matrix, there is a possibility that exogenous chitosan interacts more freely with the chitosan in the fungal cell wall making planktonic cells more susceptible to penetration and disruption of internal organelles. Therefore, our analysis indicates that exogenous chitosan might be an excellent antifungal therapeutic.
We assessed the effect of chitosan on C. neoformans capsular polysaccharide which is essential for biofilm formation. SEM and CM microscopy showed that chitosan removes most of the capsular polysaccharide from C. neoformans cells. The aberrant capsules on fungal cells might increase their susceptibility to chitosan. In this regard, structural studies using QE LS revealed that capsular polysaccharide on chitosan-treated fungal cells was shorter than on their untreated counterparts. Moreover, we observed scattered aggregates of polysaccharide after fungal cell treatment with chitosan. This observation was further supported by QE LS that demonstrated that the exopolysaccharide fibers of chitosan-treated cells were much larger than on untreated cells.
Conclusion
The findings of this study suggest that chitosan might offer a flexible, biocompatible platform for designing coatings to protect surfaces from infection. Our data suggests that chitosan can be potentially developed as an antimicrobial agent for prophylaxis against and/or the treatment of catheter or other medical device related fungal biofilm diseases.
